Cytokinins stimulate shoot regeneration in tissue culture but the genes required for this developmental process are not well understood. Here we show that the Arabidopsis gene, ENHANCER OF SHOOT REGENERATION2 (ESR2), encoding an AP2-domain transcriptional factor, functions in the regeneration of shoots in tissue culture. ESR2 overexpression conferred cytokinin-independent shoot regeneration from cre1/ahk4 mutant explants, suggesting that CRE1 is not required for ESR2-mediated shoot regeneration. ESR2 directly targeted CYCLIN D1;1, ARABIDOPSIS PHOSPHOTRANSMITTER 6 (AHP6) and CUP-SHAPED COTYLEDON 1 (CUC1) in assays involving the translocation of ESR2-ER (estradiol receptor) fusions to the nucleus. Knock-down of ESR2 expression by RNA interference (RNAi) reduced CUC1 expression and resulted in altered cotyledon phenotypes at a low frequency, including partially fused cotyledons and triple cotyledons. Phenotypes of induced ESR2 expression in a cuc1-1 mutant background were suppressed. Our results suggest that ESR2 plays a role in shoot regeneration through transcriptional regulation of CUC1.
Introduction
Plants have the remarkable ability to regenerate in tissue culture conditions under the influence of plant hormones, such as cytokinin and auxin (Skoog and Miller 1957) . We are interested in the molecular events underlying the regeneration of shoots and the role of cytokinin in that process (Cary et al. 2002 , Che et al. 2006 .
Considerable progress has been made in identifying genes involved in cytokinin biosynthesis and signaling (Kakimoto 2001 , Takei et al. 2001 , Hwang et al. 2002 , Jasinski et al. 2005 , Yanai et al. 2005 ; however, less is known about control of downstream developmental events activated by cytokinin. Using an enhancer activation tagging system, Kakimoto (1996) discovered CYTOKININ-INDEPENDENT 1 (CKI1), which conferred cytokinin-independent shoot regeneration or callus growth. CKI1 encodes a receptor-like histidine kinase that does not appear to bind cytokinin. Recent work showed that CKI1 might function in cytokinin signaling independently from hormonal stimuli (Hwang and Sheen 2001) .
Cytokinin signaling is mediated by a 'two-component' phosphorelay transfer system comprising sensor histidine kinases (AHKs), histidine-containing phosphotransmitters (AHPs) and response regulators (ARRs) (Hutchison and Kieber 2002, Oka et al. 2002) . CRE1/AHK4/WOL, AHK2 and AHK3 encode sensor histidine kinases that function as cytokinin receptors (Mahonen et al. 2000 , Inoue et al. 2001 , Ueguchi et al. 2001a , Ueguchi et al. 2001b ). Whereas some B-type ARRs are capable of directly activating cytokinin-responsive genes, A-type ARRs may serve as repressors to down-regulate cytokinin responses (Hwang and Sheen 2001 , Sakai et al. 2001 , Leibfried et al. 2005 . Some A-type ARRs are primary response genes that are rapidly induced by cytokinin (Sakai et al. 2001 ). Other components of the cytokinin signaling system for shoot formation are unknown.
To identify genes involved in shoot regeneration, we performed a functional screen and characterized a gene, ENHANCER OF SHOOT REGENERATION 1 (ESR1), encoding a transcription factor of the AP2/ERF family (Banno et al. 2001) . Although inducible overexpression of ESR1 conferred cytokinin-independent shoot regeneration on roots, addition of cytokinins significantly increased regeneration efficiency. In contrast, constitutive ESR1 overexpression led to the formation of dark green calli and inhibited shoot regeneration, suggesting that ESR1 is involved in the transition from vegetative growth to organogenic development, or the maintenance of the organogenic cell identity. Nonetheless, how the gene executes this function and the molecular mechanism by which ESR1 promotes shoot regeneration remain unknown.
To investigate further the control of shoot regeneration, we characterized the molecular function of a gene ESR2, which is more active than ESR1 in promoting shoot regeneration in tissue culture. Attempts to characterize genes directly activated by ESR2-estrogen receptor (ER) nuclear translocation led to the identification of CUC1 as one of the candidates. The link between the two transcriptional factors was further confirmed by the observation that knock-down expression of ESR2 [in plants bearing RNA an inteference (RNAi) construct] phenocopied the cuc1 single mutant (Aida et al. 1997) . The cuc1 mutation is sufficient to block ESR2-mediated shoot phenotypes in seedlings, suggesting that CUC1 acts downstream of ESR2 and plays an important role in this pathway.
Results

Identification and characterization of ESR2
The Arabidopsis genome probably encodes genes with functions redundant to those of ESR1, because single mutations in ESR1 do not show any obvious phenotype (Banno et al. 2001) . The Arabidopsis genome contains a gene (At1g24590) with high sequence similarity to ESR1 (Kirch et al. 2003) . This gene was named ESR2 and corresponds to the DORNRO¨SCHEN-LIKE (DRN-like) gene published by Kirch et al. (2003) . Both ESR1 and ESR2 genes share significant sequence similarity within the AP2/ERF-encoding domain and are likely to be paralogs, since the location of two other genes flanking both ESR1 and ESR2 is conserved. A phylogenetic analysis shows that ESR1 and ESR2 are the most closely related Arabidopsis AP2 domain-containing proteins (Alonso et al. 2003) .
Using an estradiol-inducible (XVE) system (Zuo et al. 2000) , we demonstrated that ESR2 enhanced shoot regeneration (Fig. 1A) . In the presence of cytokinin
induction increased shoot formation $3-fold, comparable with the enhancement resulting from ESR1 alone. In the absence of cytokinin [root induction medium þ b-estradiol (RIM þ b)], shoots developed very infrequently; however, ESR2 was nearly three times more effective in inducing shoot formation than ESR1. No shoot formation was observed with an empty vector, pER10 (Fig. 1A) .
As previously seen with 35S::ESR1 transformants (Banno et al. 2001) , 35S::ESR2 transformants produced rapidly growing, dark green calli, even in the absence of cytokinin; however, organogenesis was inhibited (data not shown). In the presence of cytokinin, 35S::ESR2 transformants produced green calli 4-fold more efficiently than vector control (Fig. 1B) . A truncated form of ESR2 (ESR2dC) was also expressed to determine whether it would act in a dominant negative manner; however, the truncated construct also did not affect shoot regeneration efficiency. We attempted to convert ESR2 into a dominant transcriptional repressor by using the CREST methodology (Hiratsu et al. 2003) of creating a translational fusion of ESR2 with an EAR repressor (ERF-associated amphiphilic repression) motif from type II ERFs (Ohta et al. 2001) . Compared with vector controls, the 35S::ESR2EAR construct produced fewer green calli (Fig. 1B) .
Four weeks after the transformation, whereas empty vector transformants developed lateral organs from green calli (Fig. 1C) , this developmental process was inhibited by expression of the 35S::ESR2 construct (Fig. 1D) . On the other hand, 35S::ESR2EAR transformants developed lateral organs (Fig. 1E) . These results indicate that ectopic expression of a repressive form of ESR2 can interfere with both green calli formation and inhibition of lateral organ differentiation.
Pattern of ESR2 gene expression
To determine the expression pattern of ESR2, we fused a GUS (b-glucuronidase) coding sequence to a 2.5 kb upstream region of ESR2. In seedlings grown on MS agar plates, GUS expression was observed in leaf primordia ( Fig. 2A) . No GUS staining was observed in the root apical meristem (Fig. 2B) . Expression of the ESR2 promoter::GUS transgene was readily observed during embryonic development in young cotyledons during the heart stage ( Fig. 2C) , and at the tip of the cotyledon from late heart stage to early walking stick stage (Fig. 2D, E) . At the late walking stick stage, expression was restricted to cotyledon tips and occasionally in the shoot apical meristem (SAM) region (Fig. 2F ).
Induced ESR expression can rescue cre1/ahk4 mutants
Transgenic plants constitutively expressing ESR2 (35S::ESR2) were frequently growth impaired. Therefore, we used the b-estradiol-responsive XVE system to investigate the effects of induced expression of ESR2. The b-estradiol treatment itself did not affect plant morphology (Fig. 3A) . The phenotypes of induced XVE-ESR2 transgenic plants (Fig. 3B) were similar to those of mutants overproducing cytokinins (Chaudhury et al. 1993 , Tantikanjana et al. 2001 , Catterou et al. 2002 or to those of transgenic plants overexpressing the cytokinin biosynthetic gene, ISOPENTENYL TRANSFERASE (IPT) (Zubko et al. 2002 , Sun et al. 2003 . The cytokininrelated phenotypes include anthocyanin accumulation, cytokinin-independent shoot regeneration, as well as inhibition of hypocotyl and root elongation in the dark. Not only does the induced expression of ESR1 produce cytokinin-related phenotypes, the ESR1 gene itself was also induced by cytokinin application (Banno et al. 2001 ). This suggests that ESR gene expression may cause an increase in endogenous cytokinin levels through induction of cytokinin biosynthetic genes as STM does (Jasinski et al. 2005 , Yanai et al. 2005 . Alternatively, ESR proteins may be involved in, or may directly influence cytokinin signaling.
To address whether ESR1 and ESR2 are involved in cytokinin production or signaling, we asked whether inducible expression of these genes or ARR2 could ESR2 regulates CUC1 gene expression 1445 rescue the cytokinin receptor mutant, cre1/ahk4. Other groups had shown that ectopic expression of ARR2 elicits cytokinin responses in a tissue culture system (Hwang and Sheen 2001) . In hypocotyl transformation experiments, induced expression of ESR1, ESR2 and ARR2 in the cre1/ahk4 mutant promoted shoot regeneration independently of cytokinin (Fig. 3C ). CRE1 also complemented the mutant phenotype but only in the presence of cytokinin. The induced expression of GFP (green fluorescent protein) served as a negative control. In root transformation experiments, induced expression of either ESR1 or ESR2 in cre1/ahk4 also promoted shoot regeneration independently of added cytokinin (Fig. 3D) . However, induced expression of either ARR2 or CRE1 led to shoot regeneration only in the presence of cytokinin. Cytokinin signaling, possibly mediated by CRE1, may be essential for ARR2 activation in roots. Because induced ESR1 or ESR2 expression rescued cre1/ahk4 mutants, it is unlikely that the two ESR proteins are involved in cytokinin biosynthesis, unless other cytokinin receptors come into play. Rather, we propose that the two ESR genes act downstream of the primary cytokinin signaling pathway or operate in an unrelated, but compensatory, way.
ESR2 alters the expression of cytokinin-responsive genes, cell cycle genes and homeodomain transcription factors To examine the effects of ESR2 overexpression on plant development, fertile transgenic plants carrying a 35S::ESR2myc transgene were analyzed. Transgenic plants harboring an empty vector were used as a negative control (Fig. 4A ). T 2 progeny showed a variety of phenotypes, ranging from undetectable to disorganized cell proliferation ( Fig. 4B-D) . The phenotypic severity of these transgenic lines was correlated with endogenous ESR2myc expression levels ( Fig. 4E ). If ESR2 is indeed involved in the cytokinin primary response pathway, A-type ARR expression might be correlated with ESR2 expression levels. Surprisingly, compared with control plants (Fig. 4F , lane 1), the expression of three A-type ARRs (ARR4, ARR5 and ARR6) analyzed was greatly reduced in transgenic line D (Fig. 4F , lane 4). Previous analysis had shown that the expression of A-type ARRs was positively regulated by B-type ARRs (Hwang and Sheen 2001 , Sakai et al. 2001 , Tajima et al. 2004 ). However, no significant differences in B-type ARRs (ARR1 and ARR2) and CRE1 expression levels were observed among the transgenic lines (Fig. 4F ). Another histidine kinase relative, CKI1, is known to confer cytokinin-independent shoot regeneration when overexpressed (Kakimoto 1996) . We examined the possibility that the effect of ESR2 on cytokinin-independent shoot regeneration is mediated by the enhanced expression of CKI1. However, the CKI1 expression level was not altered.
The sequence similarity between the two ESR proteins and the other ERF family members prompted us to determine whether an elevation in ESR2 expression might influence expression of ethylene-responsive genes, such as AtERF4 (Fujimoto et al. 2000) . However, no significant change in AtERF4 expression was observed in any of the transgenic lines, suggesting that ESR2 does not function as an ERF. No significant changes in ESR1 expression were observed, suggesting that all of the above events were ESR2 dependent.
Other studies with cytokinin-overproducing plants have shown that high endogenous cytokinin levels impact the regulation of cell division activity in the SAM and young leaves (Chaudhury et al. 1993 , Rupp et al. 1999 . We found that the CycA1;1 expression level in all the transgenic lines was comparable with that of the controls. In contrast, expression of both CycB1;1 and CycD3;1 was increased in the transgenic plant line D ( ESR2 regulates CUC1 gene expression 1447 that of the tumorous tissues in which cell cycle progression was unchecked. Cytokinin activates the expression of a number of genes involved in meristem specification or maintenance such as the class I KNOX homeobox genes, BREVIPEDICELLUS (BP) and SHOOT MERISTEMLESS (STM) (Rupp et al. 1999) , although it is likely that their activation may be several steps away from the primary response pathway. In transgenic line D, expression of the class I KNOX genes was upregulated, as well as that of WUSCHEL (WUS), a distantly related homeodomain transcription factor required for specification and maintenance of the shoot meristem stem cell niche (Mayer et al. 1998, Baurle and Laux 2005) . Many of the above-mentioned genes were significantly up-regulated in line D. Expression of CUC1, a NAC domain transcriptional factor known to promote adventitious shoot formation (Daimon et al. 2003 , Hibara et al. 2003 , was up-regulated in an ESR2-dependent manner. However, a related gene, CUC2, was only moderately induced by ESR2. In summary, our results showed that ESR2 up-regulates genes involved in cell division, meristem specification or maintenance, and genes known to be activated by cytokinins, with the exception of A-type response regulators.
Identification of direct target genes by an estradiol receptor-mediated nuclear translocation system
The hormone-binding domain of the glucocorticoid receptor (GR) can be used to identify direct target genes for various transcription factors (Sablowski and Meyerowitz 1998 , Wagner et al. 1999 , Samach et al. 2000 , Sakai et al. 2001 , William et al. 2004 ). We attempted to identify genes directly activated by ESR2 fused to the hormone-binding domain of the ER. The hormone-binding domain of ER At least 10 independent seedlings were collected for each phenotype. Varying numbers of PCR cycles were examined for each gene, and two biological replicates were carried out. TUBULIN (TUB) was used as an internal control.
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ESR2 regulates CUC1 gene expression facilitates import of a fusion protein to the nucleus in response to b-estradiol. The CaMV 35S promoter was used to express the ESR2 fusion protein (35S::ESR2-ER). GFP was also fused to the ER and used as a negative control (35S::GFP-ER). Transgenic plants were treated with cycloheximide to prevent new protein synthesis and b-estradiol was applied to promote nuclear translocation of the chimeric transcription factor. After 1 h treatment, RNA transcripts were profiled using root explants grown on B5 hormone-free agar medium after callus induction medium (CIM) pre-incubation. Pre-incubation on CIM enhances ESR1 expression after transfer onto SIM (Banno et al. 2001) . Total RNA from treated root explants was hybridized to Affymetrix Arabidopsis ATH1 GeneChips.
The microarray experiments were conducted in a random block design with three biological replicates. The estimated means of the MAS5 normalized signals were sorted by fold change for samples with P-values 50.01 for the comparison between b-estradiol-treated 35S::ESR2-ER root explants and similarly treated 35S::GFP-ER explants. Fifty-one genes up-regulated 42-fold are listed in Table 1 . About 14% of these ESR2 targeted genes (7/51) belonged to the transcription factor families. We focused on genes involved in signal transduction pathways such as ethylene, cytokinin, auxin and cell cycle control. AHP6 expression increased 45 fold following b-estradiol treatment on B5 medium (Table 1) . AHP6 is an unusual phosphotransmitter because it lacks a critical histidine residue that mediates the histidine to aspartate phosphorelay, suggesting that it probably does not transfer phosphoryl groups. None of the other functional AHPs was induced by ESR2. A gene (At5g67430) related to HOOKLESS1 (HLS1), which encodes an N-acetyl transferase and which has been shown to be ethylene responsive (Lehman et al. 1996) , was up-regulated 9.0-fold. IAA20 expression was up-regulated 6.3-fold. Unlike other Aux/IAA protein members that were rapidly degraded by auxin treatment, IAA20, which lacks conserved domain II and a conserved lysine residue, was shown to be long-lived, regardless of auxin (Dreher et al. 2006) . The expression of CUC1 was greatly up-regulated in 35S::ESR2 transgenic plants (Fig. 4F ) and induced by b-estradiol by 3.0-fold on B5 medium in the estradiol-mediated translocation system (Table 1) . These results suggest that the effect of ESR2 on CUC1 induction is direct. All of the genes described above contain the GCCGCC sequence in their promoters, which may be an ESR2-binding element. However, further promoter analysis is required to determine whether these sites are indeed responsible for ESR2-induced up-regulation.
CUC1 acts downstream of ESR2
To understand better the function of ESR2 and its relationship to CUC1, we generated transgenic plants expressing an ESR2-specific RNAi construct (35S::ESR2 RNAi) and examined three independent lines. The endogenous expression of ESR2 was significantly suppressed to undetectable levels by reverse transcription-PCR (RT-PCR) (Fig. 5A) .
When compared to wild-type seedlings cotyledons of ESR2 RNAi seedlings were partially fused (Fig. 5C) . Seedlings with triple cotyledons were also observed at 0.25% frequency (Fig. 5D, Table 2 ). The phyllotaxy of first leaf development was also altered, such that either double or triple true leaves emerged (Fig. 5E, F) . Approximately 0.5% of homozygous ESR2 RNAi seedlings displayed altered cotyledon phenotypes (Table 2 ). This phenotype is reminiscent of cuc1 single mutant seedlings that display heart-shaped cotyledons at 0.5% frequency (Aida et al. 1997) . We evaluated the expression of two CUC genes at 6 d after transfer onto SIM in the root tissue culture system, because they are up-regulated at this time (Cary et al. 2002) . The expression of CUC1, but not CUC2, was reduced by ESR2 RNAi, suggesting that ESR2 only regulates CUC1 expression (Fig. 5A) .
Transgenic plants harboring a single XVE-ESR2 transgene were crossed to cuc1-1 to examine the effects of CUC1 mutation on ESR2-mediated cytokinin-related phenotypes. Equal induction of the ESR2 transgene was confirmed by RT-PCR (Fig. 6A) . The levels of the wild-type CUC1 and mutant cuc1-1 transcripts were significantly elevated in an ESR2-dependent manner; however, no induction of CUC2 was observed. The cytokinin-related phenotypes caused by ESR2 overexpression were greatly diminished in the cuc1-1 background (compare Fig. 6B with C) , suggesting that CUC1 acts downstream of ESR2 and plays an important role in the ESR2-mediated cytokinin-related phenotypes in seedlings. b-Estradiol treatment itself did not alter plant morphology (Fig. 6D, E) . We also found STM induction only in a wild-type background (Fig. 6A) , consistent with the previous notion that CUC1 acts upstream of STM (Takada et al. 2001 ).
Discussion
ESR2 promotes shoot regeneration
ESR2 appears to act in a similar manner to ESR1, conferring a strong shoot regeneration phenotype in the presence of exogenous cytokinin and a weaker regeneration phenotype in its absence. In this study, we have identified candidate genes directly activated by ESR2. They include genes, such as CUC1, involved in meristem specification. Our present study suggests that AHK4/CRE1 cytokinin receptor is not required for ESR2 overexpression phenotypes and that ESR2 directly targets CUC1 at the transcriptional level. This does not mean that ESR2 ESR2 regulates CUC1 gene expression 
Activation of the cell cycle by ESR2
To identify other genes directly activated by ESR2, we assayed global gene expression by DNA chip analysis following b-estradiol induction of nuclear translocation of ESR2-ER fusions. A similar approach was used to identify 16 target genes of LEAFY (LFY) (William et al. 2004) . Here, we identified 51 candidate gene targets, which were up-regulated !2-fold by b-estradiol-induced ESR2-ER nuclear translocation (Table 1) . ESR2 overexpression results in cellular proliferation, suggesting the up-regulation of genes involved in cell cycle regulation (Fig. 4F ). This is supported by the identification of CycD1;1 as another direct target of ESR2. ESR2 may up-regulate CycD1;1 expression by affecting a candidate ESR-binding sequence (GCCGCC) located in the first intron of the CycD1;1 gene. This is reminiscent of AGAMOUS (AG) activation by LFY and WUS, in which the LFY-and WUS-binding sites are adjacent to one another in the second intron of AG (Lohmann et al. 2001 , Sharma et al. 2003 . However, neither LFY nor WUS alone appear to be sufficient to activate AG, because neither factor alone can activate an AG reporter construct in vitro or in yeast cells (Lohmann et al. 2001 , Sharma et al. 2003 . Analogous to AG, it is possible that in addition to ESR2, one or more unknown factors may be needed to activate CycD1;1 at the seedling stage, where we have not observed up-regulation of this gene (unpublished data). Rashotte et al. (2003) have shown that the steady-state level of CycD1;1 expression was reduced in wol and cre1-1 mutants. This is consistent with our finding that cytokinin can act synergistically with ESR activation (Banno et al. 2001, this study) . In a similar manner, AINTEGUMENTA (ANT), another member of the AP2 transcriptional factor family, extends the period of CycD3 expression, probably by inactivating cell cycle inhibitors such as p27 kip (Mizukami and Fischer 2000) .
ESR overexpression can complement the cre1/ahk4 mutant
To examine the role of ESR2 in shoot formation, we asked whether the gene is involved in cytokinin biosynthesis or cytokinin signaling. The induction of shoots in cre1/ahk4 mutants by ESR genes suggests that the genes can provide functions normally supplied by cytokinin signaling. Previous studies showed that both CRE1/WOL/AHK4 and ARR2 genes are predominantly expressed in roots (Sakai et al. 1998 , Mahonen et al. 2000 , Ueguchi et al. 2001a , and that signaling from CRE1 might be necessary for ARR2 activation at the post-transcriptional level. This probably explains why ectopic expression of full-length ARR2 does not promote shoot development in cre1 root explants. In contrast, induced expression of either ESR1 or ESR2 promoted shoot regeneration from mutant root explants, suggesting that ESR activity can complement this aspect of the cre1 phenotype.
How the expression of the two ESR genes is regulated is currently unknown. Even though ESR1 and ESR2 Negative regulation of the primary cytokinin pathway by ESR2 Given that several A-type ARRs are rapidly up-regulated by cytokinin (Brandstatter and Kieber 1998 , D'Agostino et al. 2000 , Hwang and Sheen 2001 , Sakai et al. 2001 , Hutchison and Kieber 2002 , Rashotte et al. 2003 , it was surprising to find that the expression of three A-type ARRs is suppressed in 35S::ESR2-overexpressing plants, especially in plants with severe phenotypes. It has been proposed that A-type ARRs may down-regulate cytokinin primary responses and the activity of B-type ARRs (Hwang and Sheen 2001) . Recently, AHP6 was isolated as an extragenic suppressor of wol by a genetic suppressor screen, and the AHP6 protein was shown to act as an inhibitor of the cytokinin primary pathway by interacting with the phosphorelay machinery (Mahonen et al. 2006) . In this study, we found that AHP6 is a likely direct target of ESR2. We also found that the gene encoding cytokinin oxidase (AtCKX7) was directly induced by 3.5-fold (Table 1) , which might also explain the reduced expression of type-A ARRs in 35S::ESR2 transgenic plants. It is also possible that the increased expression of WUS led to the repression of some type-A ARR genes (Leibfried et al. 2005) .
Determination of shoot apical meristem identity through CUC1 activation
It remains unclear how the two ESR genes promote shoot regeneration at the molecular level. Recent studies have shown that microRNAs target mRNAs of certain transcription factors and that post-transcriptional mechanisms play an important role in their regulation, as in the case of CUC1 and CUC2 (Rhoades et al. 2002 , Laufs et al. 2004 , Mallory et al. 2004 ). Our present study proposes that ESR2 is capable of regulating CUC1 at the transcriptional level, but not its closely related gene, CUC2. This is also consistent with the genetic evidence that, when compared with either esr2 or cuc2 single mutants, the frequency of fused or single/triple cotyledons is significantly higher in the esr2cuc2 double mutant (J. Chandler and W. Werr personal communication), suggesting that ESR2 and CUC1 act in the same pathway and that both ESR2 and CUC2 genes share functional redundancy in cotyledon development. ESR2 may indirectly activate STM through CUC1. Other studies have demonstrated that ectopic expression of CUC1 could promote adventitious shoot formation from calli through STM activation (Daimon et al. 2003 , Hibara et al. 2003 .
We have shown that the ESR2 RNAi transgene has low penetrance in producing an altered cotyledon phenotype. ESR2 RNAi transgenic seedlings with fused cotyledons develop normal true leaves and flowers without any fused floral organs (data not shown), suggesting that the SAM in these transgenic plants retains normal function throughout vegetative and reproductive development. This is consistent with the expression pattern of ESR2 reported here, where no GUS signal was detected in the SAM after germination. Although both CUC genes are structurally and functionally similar to each other, their expression seems to be regulated differently. It has been previously suggested that CUC2, but not CUC1, is positively influenced by PIN FORMED1 (PIN1), which encodes a presumptive auxin efflux transporter (Aida et al. 2002) . Our results suggest that ESR2 regulates only CUC1 ESR2 regulates CUC1 gene expression 1453 gene expression, and its induction may be in part responsible for the adventitious shoot formation. We are looking into the possibility that other ESR2-targeted genes might also be major regulators of shoot regeneration.
Materials and Methods
Plant materials and growth conditions Seeds of cre1-1 (Ler) and ahk4 (Ws) were provided by T. Kakimoto (Osaka University, Japan) and C. Ueguchi (Nagoya University, Japan), respectively. Seeds of cuc1-1 (CS3869) were obtained from Ohio State University Arabidopsis Biological Resource Center. Plants were grown in a greenhouse at 208C with a photoperiod of 16 h light and 8 h dark.
Cloning and construction of transgenes
The protein-coding regions of ESR2 and its truncated derivatives were amplified by PCR from Arabidopsis genomic DNA (Col). CRE1B and ARR2 cDNA clones were kindly provided by Drs. T. Kakimoto and T. Aoyama, respectively. The coding sequences of GFP and the hormone-binding domain of ESTROGEN RECEPTOR (ER) were amplified from pGFP-2 and pER10 (Zuo et al. 2000) , respectively. The primer sequences used for these constructions are described in Supplementary Table 1 . The resultant DNAs were cloned into either pSKM36, derivatives of pSK34, or pER10. The vector, pSKM36, permits fusion of four tandemly repeated MYC sequences to the C-terminus of a protein.
For ESR2 RNAi construction, the 3 0 region specific for ESR2 was amplified by PCR with the primers listed in Supplementary  Table 1 . The ESR2-specific PCR products were digested with either EcoRI and SpeI or ClaI and ApaI, and cloned sequentially into the corresponding restriction enzyme sites of the pSK-Int vector that contains an ACTIN2 intron flanked by multiple cloning sites. The resulting products were digested with BssHII and NotI, and cloned into the pSK34 vector at the AscI and NotI sites. The inverted ESR2-specific sequence with the ACTIN2 intron loop is driven by the 35S promoter.
The resulting constructs were introduced into Agrobacterium tumefaciens strain EHA105, which was used to generate transgenic plants by the floral dip method and root transformation. Shoot regeneration by transformation of root explants was described previously (Banno et al. 2001) . The Arabidopsis thaliana Columbia ecotype was used to generate transgenic plants, unless indicated otherwise.
Analysis of XVE-ESR transgenic plants
Transgenic plants (Ler) harboring a single copy of pER10-ESR2 were selected by kanamycin resistance segregation and crossed to the cuc1-1 mutant (Ler). F 3 plants homozygous for the transgene and for cuc1-1 were confirmed by segregation of the kanamycin resistance and dCAPS markers for cuc1-1 as described elsewhere (Takada et al. 2001) . F 3 plants were grown on MS agar medium with or without 10 mM estradiol (Sigma Chemical Co., St Louis, MO, USA).
GUS assay
A 2.5 kb fragment of genomic DNA upstream from the ESR2 translation start site was amplified by PCR. PCR products were digested with SalI and XbaI and cloned into the SalI and XbaI sites of pBI101 (Clonetech, Basingstoke, UK). At least 10 independent transgenic plants harboring the above construct were examined for GUS staining, and most of them showed similar results (data not shown). The GUS assay was performed as described elsewhere (Daimon et al. 2003) .
Complementation of the cre1/ahk4 mutant Arabidopsis thaliana cre1-1 (Ler) and ahk4 mutant seedlings (Ws) were used as recipients for transformation. Hypocotyl transformation of cre1/ahk4 was carried out as previously described (Inoue et al. 2001) . For root transformation, seeds were sterilized and sown on MS agar medium and grown for 7 d at 228C under continuous light. Seedlings were transferred to B5 liquid medium and incubated for 15 d with shaking at 125 r.p.m. Aerial parts were removed from the hydroponic culture and cultured roots were cut into 3-6 mm segments before being used for Agrobacterium-mediated transformation. Coding sequences of CRE1B, ARR2, ESR1, ESR2 and GFP were cloned at AscI and SpeI sites of the pER10 vector, before being introduced into A. tumefaciens strain EHA105. Compositions of the CIM, the SIM and the RIM were as follows. 
RT-PCR analysis
Aerial parts of T 2 progeny harboring the 35S::ESR2Myc construct with different phenotypes were used as the source of RNA. Purification of RNA and first strand synthesis were carried out as described elsewhere (Semiarti et al. 2001 ). cDNA synthesized from approximately 100 ng of total RNA was used as PCR templates. The reaction was cycled at 948C for 25 s, 558C for 25 s and 728C for 2 min (16-30 cycles depending on the gene). For semi-quantification of mRNAs, we examined the amount of PCR products at three varying numbers of PCR cycles and confirmed that each PCR product was amplified quantitatively under the conditions we examined. The sequences of primer pairs are given in Supplementary Table 1. Primer pairs for BP, KNAT2, STM, WUS and TUB have been described (Semiarti et al. 2001) , as were those for CUC1 and CUC2 (Takada et al. 2001) . Amplified DNA fragments were separated on 2% agarose gel and stained with ethidium bromide.
RNA sample preparation and microarray analysis
Root explants from four independent T 3 transgenic lines harboring either the 35S::ESR2-ER or 35S::GFP-ER transgene were prepared as described previously (Banno et al. 2001) . The mixture of four independent T 3 transgenic lines harboring either of the above constructs was used. RNA transcripts were profiled on B5 hormone-free medium for 3 d after CIM pre-incubation for 4 d. Root explants were transferred onto the same B5 agar medium containing 10 mM estradiol and 30 mM cycloheximide (CHX), and were sprayed with the same medium solution containing the previously mentioned amounts of estradiol and CHX. After 1 h, total RNA was purified with the RNeasy Kit (Qiagen, Valencia, CA, USA), precipitated by LiCl and dissolved in diethylpyrocarbonate (DEPC)-treated water. Three biological replicates were carried out to normalize possible hybridization errors. Affymetrix Arabidopsis 22K GeneChips (ATH1) were used for microarray analysis. RNA samples were submitted to the GeneChip Facility at Iowa State University (http://www.biotech.iastate.edu/facilities/genechip/Genechip.htm).
